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In this paper, we explore the numerical feasibility of carrying out quantum dynamics calculations from ab
initio points for gas phase chemical reactions. In this approach, the ab initio data are Ðrst generated from
quantum chemistry programs on a coarse numerical grid and a quantum dynamics calculation is then carried
out using data from these grids. A crucial step in the success of this method is the application of a sequential
one-dimensional Ðtting approach (SOFA) to give potential energy information o† the original numerical grid.
Using the SOFA scheme, one avoids the traditional and often intractable task of Ðtting a global potential
energy surface from the ab initio data. In the present paper, a numerical test of this approach is reported for
time-dependent wavepacket calculation for the prototype reaction.H] H2
I Introduction
Recent advances in quantum dynamics methods for studying
chemical reactions have highlighted the shortage of available
potential energy surfaces (PES) for chemical systems for which
quantum dynamics calculations can be carried out. There are
two reasons contributing to the shortage of PES. Firstly, there
is a lack of ab initio calculations to generate many potential
energy points (ab initio data) that are needed in dynamics cal-
culations. Secondly, the task of Ðtting the calculated ab initio
data to a global multi-dimensional potential energy surface is
an extremely difficult task and often requires much more e†ort
than in the Ðrst step of generating energy points. As quantum
chemistry programs become more efficient, it is now quite
routine for chemists to perform reasonably accurate ab initio
calculations for many chemical systems at thousands of
nuclear geometries. However, the task of Ðtting those points
to a global PES often becomes intractable. Thus in practice,
the difficulties encountered in the step of Ðtting global poten-
tial energy surfaces become a true bottleneck in the applica-
tion of quantum dynamics methods. The lack of potential
energy surfaces means that only a limited number of chemical
reactions can be studied by rigorous quantum dynamics cal-
culations such as the time-dependent wavepacket approach to
polyatomic reactions.1,2
In order to signiÐcantly extend the chemical systems for
which accurate quantum dynamics calculations can be carried
out, it is essential to overcome the difficulty in the Ðtting of ab
initio data to a global PES for dynamics study. Recently a
number of methods have been proposed to Ðt multi-
dimensional PES with some success.3h5 The application of
these methods, however, is quite complicated and their future
application as a general tool in quantum dynamics are not yet
clear. In a desired ab initio dynamics approach, one would like
to have a simple and general approach to transform the calcu-
lated discrete ab initio data to a general functional form that
can give reliable potential energy information at any nuclear
geometries from the original grid in an automatic fashion.
Thus, the quantum dynamics calculation can be directly
linked to ab initio calculation and one thus e†ectively
bypasses the traditional bottleneck of multi-dimensional
Ðtting of PES.
In this paper, we explore the numerical feasibility of such a
general approach in which the potential energy information
at any nuclear geometry within the ab initio data grid is given
by a general Ðtting method. The e†ective potential energy
surface generated from the Ðtting method can then be used for
quantum dynamics calculation. The general Ðtting method we
propose here is a sequential one-dimensional Ðtting approach
(SOFA) in which the multi-dimensional potential Ðtting is
carried out by successive one-dimensional Ðttings. Since the
one-dimensional Ðtting is an easy task, the whole problem of
multi-dimensional Ðtting is reduced to a sequence of straight-
forward one-dimensional Ðtting. Thus, one completely avoids
the often intractable task of multi-dimensional Ðtting of PES.
The most attractive feature of the SOFA is that the method is
very simple, and applicable to any dimensions, and the result
is accurate. Using SOFA, one can essentially carry out
quantum dynamics calculation directly on the calculated ab
initio data. In the following we use the reaction as anH ] H2example to test the numerical feasibility of this approach.
II Theory
The central problem of potential Ðtting is to generate a multi-
dimensional function F(x, y, z, . . .) from a given set of known
values on a rectangular grid . . .). Without lossF
ijk ...(0) (xi , yj , zk ,of generality, we assume that we are dealing with a 3-
dimensional problem to Ðnd the function F(x, y, z) at any
given point (x, y, z). In SOFA, we Ðrst assume that the two-
dimensional functions are already known. For example, we
deÐne the two-dimensional function z) asF
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More generally we can use the notation
F(x, y, z) \ FIT1D[F
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to denote a generic one-dimensional Ðtting method to gener-
ate the three-dimensional function F(x, y, z) from the two-
dimensional function z) (i \ 1, 2,F
i
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x
).
This one-dimensional Ðtting procedure is applied again in
the y-coordinate to yield the two-dimensional function
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for any given value Finally, one generates the one-x
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In practice, the sequence of this procedure is reversed and one
simply carries out a series of one-dimensional Ðtting pro-
cedures to Ðnally generate the three-dimensional function F(x,
y, z) at any given point (x, y, z). Obviously, this methodology
can be applied to any higher dimensions in a straightforward
fashion.
In the SOFA outlined above, the one-dimensional Ðtting
notation (i\ 1, 2, . . .)] can represent any ÐttingFIT1D[F(x
i
),
method such as the polynomial method, cubic spline method,
etc. depending on the nature of the functions to be Ðtted. For
simplicity, in the test case for three-dimensional reac-H] H2tion discussed in the next section, we employ a cubic spline to
Ðt one-dimensional functions for all three dimensions. In our
approach, we employ the natural boundary condition in
spline Ðtting by setting the second derivatives at both bound-
aries to be zero. Also we apply a simple cut-o† to the poten-
tial energy for coordinates lying outside the data grid. It
should be noted that the multi-dimensional spline Ðtting has
been applied before in classical trajectory calculations.6 For
quantum dynamics calculation, however, one only needs to Ðt
the value of the PES but not its derivative whereas the latter is
required in classical trajectory calculations. It is important,
however, to keep in mind that one does not have to use
splines to Ðt all the dimensions. For example, our test calcu-
lation actually indicates that Legendre polynomials are better
than cubic splines in Ðtting the angular-dependence of the
potential. Thus one could, at least in principle, use di†erent
methods to Ðt di†erent coordinates.
III Test for reactionH + H
2
The SOFA is tested by performing time-dependent (TD)
quantum wavepacket calculation for the three-dimensional H
reaction using the SOFA method to generate the PES.] H2The methodology of the TD wavepacket approach for atomÈ
diatom reaction is not discussed here but the interested reader
can refer to ref. 7 for details. In order to test the accuracy of
the SOFA generated PES for quantum dynamics calculation,
we Ðrst use the LSTH PES 8 as the pseudo-generator of ab
initio data to give energy points on a rectangular grid from
which to generate the SOFA Ðtted PES denoted by LSTH-
SOFA. Fig. 1 shows the calculated reaction probability on the
LSTH-SOFA1 PES as compared to the probability computed
directly on the LSTH PES. The LSTH-SOFA1 PES is Ðtted
Fig. 1 Total reaction probabilities for the reaction from theH ] H2initial ground state as a function of collision (translational) energy.
The solid line is the reaction probability on the LSTH PES and the
solid circles connected by the dotted line are the results on the SOFA
PES Ðtted from a 13] 13 ] 10 grid (set I in Table 1). The PES data
on this grid are generated by the LSTH surface.
from the given LSTH PES data on a 13]13]10 (R] r ] h)
rectangular grid in Jacobi coordinates. These coordinates are
simply chosen to be evenly-spaced with a total of 1690 energy
points and their values are given explicitly in Table 1. The
notation of 13]13]10 means that there are 13 points in the
translational coordinate R, 13 points in the diatomic distance
r, and 10 points in the angular coordinate h. The comparison
in Fig. 1 shows that the reaction probability calculated using
the SOFA PES is in quite good agreement with that com-
puted on the original LSTH PES.
Since the grid set I (1690 points) in Table 1 is simply chosen
to be evenly spaced, it is neither efficient nor optimized. With
a little thinking, it is not difficult to choose a more intelligent
grid set. The second grid set (13 ] 10 ] 6) in Table 1 is more
efficient and has only 780 pointsÈless than half the points of
grid set I. This set uses a dense grid in the interaction region
but a sparse grid in the asymptotic region and has only 6
points in the angular coordinate. Fig. 2 shows the calculated
reaction probability using the SOFA PES generated from the
second grid set together with the reaction probability on the
original LSTH PES. We see that the calculated SOFA reac-
tion probability on this grid set is in overall better agreement
with the LSTH probability than the Ðrst grid set. It is not
unrealistic to further reduce the total number of grid points by
selecting the grid more intelligently.
It is worth noting that there is a slight di†erence between
the calculated reaction probabilities on SOFA and the
original LSTH PES. However, this should not be simply
considered as an error of the SOFA Ðtting. Since the given
ab initio (energy) points are discrete, the potential energy
o† the discrete grid is unknown. What we actually use is
just a representation of the PES which is non-unique by
nature. Thus a di†erent Ðtting or representation of the PES
even from the same given discrete energy grid is di†erent.
Table 1 Grid sets I and II used in SOFA Ðtting of LSTH-SOFA PES for TD wavepacket dynamics calculation for the reactionH ] H2
Coordinate No. of grid points Grid set I (1690 pts)
Z/a0 13 1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8 4.2 4.6 5.0 5.4 5.8r/a0 13 1.0 1.3 1.6 1.9 2.2 2.5 2.8 3.1 3.4 3.7 4.0 4.3 4.6h/degrees 10 0 10 20 30 40 50 60 70 80 90
Grid set II (780 pts)
Z/a0 13 1.0 1.3 1.6 1.9 2.2 2.5 2.8 3.1 3.4 3.7 4.0 4.7 6.0r/a0 10 0.8 1.0 1.2 1.4 1.6 1.9 2.2 2.5 2.8 3.2h/degrees 6 0 15 30 50 70 90
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Fig. 2 As Fig. 1 but using a smaller 13] 10 ] 6 grid (set II in Table
1).
Since the SOFA PES exactly reproduces the potential energy
at the given energy grid, it is simply another representation of
the PES di†erent from LSTH. Thus the discrepancy between
the calculated reaction probabilities on the two surfaces
should be understood in view of the non-uniqueness of the
representation of the PES from a discrete grid.
The above two tests established the numerical feasibility of
the SOFA for Ðtting multi-dimensional PES for quantum
dynamics calculations. Next, we carry out an ab initio
quantum dynamics calculation for the reaction. InH] H2this exercise, the ab initio points are Ðrst computed by the
MRCI method with the cc-pvtz9 basis set using the
MOLPRO package.10 The full valence and all electrons
CASSCF is used to generate the reference states. The internal
space of MRCI is constructed with one more shell of atomic
orbitals, i.e. two sets of s and one set of p basis functions for
each hydrogen. The number of conÐgurations for is 82.H2There are three types of symmetry of calculated with theH3set of grids : linear and and the number of con-D2h , C2v , Cs ,Ðgurations are 2691, 5397 and 9914, respectively. The opti-
mized has a bond length 0.743 The optimized transitionH2 Ó.structure is linear with the HwH bond length at 0.930 ToÓ.
avoid the size-consistency problem, the reference point of
energy is calculated by placing a hydrogen atom 50 awayÓ
from the hydrogen molecule at its equilibrium geometry. The
classical barrier of the transition state is calculated to be 9.939
kcal mol~1 accordingly.
The ab initio MRCI points are computed on a grid of
13 ] 13 ] 10 in Jacobi coordinates (R, r, h) (set I in Table 1).
Fig. 3 As Fig. 1 but using SOFA Ðtted PES from two sets of set I
grids whose energy data are obtained from the LSTH surface and the
MRCI calculation, respectively.
This grid is large enough to give a reasonably accurate repre-
sentation of the PES for dynamics calculation as shown in
Fig. 1. In Fig. 3, we show a comparison of the calculated reac-
tion probabilities on the SOFA Ðtted PES obtained by Ðtting
both the LSTH and MRCI data. The two sets of results basi-
cally agree with each other reasonably well but with visible
di†erences, particularly at higher collision energies. Since the
TD wavepacket calculation is carried out on the same SOFA
Ðtted PES on the same grids but using di†erent ab initio data,
the di†erence in the calculated reaction probability is entirely
due to the energy di†erence of the calculated ab initio data.
Thus, using SOFA one is able to judge the accuracy of the ab
initio data by comparing the dynamics calculation with
experiment without the necessity of building an analytical PES
beforehand.
IV Conclusions
In this paper, we report a general approach for ab initio
quantum dynamics calculation for chemical reaction. A
crucial step in this dynamics approach is the sequential one-
dimensional Ðtting approach (SOFA) for Ðtting a multi-
dimensional potential energy surface from a discrete set of
potential energies obtained from ab initio calculations. The
numerical accuracy of the SOFA is tested in the time-
dependent quantum wavepacket calculation for the H] H2reaction and the SOFA method is shown to be very reliable.
The SOFA is a general Ðtting method that can be applied to
higher dimensions. The success of SOFA could create tremen-
dous new opportunities for theoretical chemists to carry out
quantum dynamics studies for many new chemical reactions
using energy points computed directly from quantum chem-
istry programs. Progress has already been made in extending
the SOFA approach to tetra-atomic reactions.11
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